Carbon nanotubes (CNTs) have emerged as promising candidates for biomedical x-ray devices and other applications of field emission. CNTs grown/deposited in a thin film are used as cathodes for field emission. In spite of the good performance of such cathodes, the procedure to estimate the device current is not straightforward and the required insight towards design optimization is not well developed. In this paper, we report an analysis aided by a computational model and experiments by which the process of evolution and self-assembly (reorientation) of CNTs is characterized and the device current is estimated. The modeling approach involves two steps: (i) a phenomenological description of the degradation and fragmentation of CNTs and (ii) a mechanics based modeling of electromechanical interaction among CNTs during field emission. A computational scheme is developed by which the states of CNTs are updated in a time incremental manner. Finally, the device current is obtained by using the Fowler-Nordheim equation for field emission and by integrating the current density over computational cells. A detailed analysis of the results reveals the deflected shapes of the CNTs in an ensemble and the extent to which the initial state of geometry and orientation angles affect the device current. Experimental results confirm these effects.
Introduction
Field emission from CNTs was first reported in 1995 by three research groups [1] [2] [3] . With significant improvement in processing techniques, applications of CNTs in field emission devices (e.g., field emission displays, x-ray tube sources, electron microscopes, cathode-ray lamps, nanolithography systems etc) have been successfully demonstrated [4] [5] [6] . The cathodes in these devices are better electron field emitters than Spindt-type emitters and diamond structures [7] . The field emission performance of a single isolated CNT is found to be remarkable, and this is due to structural integrity, high thermal conductivity, chemical stability and geometry of the CNTs.
However, the situation becomes highly complex for cathodes comprising an ensemble of CNTs, where the individual CNTs are not always aligned normal to the substrate surface. Figure 1 shows an SEM image in which the CNT tips are oriented in a random manner. This is the most common situation, which can evolve from an initially ordered state of uniformly distributed and vertically oriented CNTs. Such an evolution process must be analyzed accurately from the viewpoint of long-term performance of the device. The authors' interests towards such an analysis and design studies stem from the problem of precision biomedical x-ray generation.
In this paper, we focus on a diode configuration, where the cathode contains a CNT thin film grown/deposited on a metallic substrate and the anode is a magnesium-aluminum alloy plate acting as emission current collector. Here, the most important requirement is to have a stable field emission current without compromising on the lifetime of the device. With the behavior of the CNT films remaining less predictable, the mechanisms responsible for CNT failures are also not clearly understood so far. Failure could be due to electromechanical deformation and stress, residual gases, ballistic transport induced impulse and partial discharge (PD) between cathode and anode.
Several studies have reported experimental observations confirming the degradation and failure of CNT cathodes [8] [9] [10] [11] . The degradation of a CNT thin film emitter is always gradual [11] but with several small-scale fluctuations and spikes. Such an overall gradual degradation occurs either during initial current-voltage measurement or during measurements under constant applied voltage over a long time duration.
To date, from mathematical modeling and design points of view, the detailed models and methods of system characterization are available only for vertically aligned CNTs grown on a patterned surface [12, 13] . In a CNT thin film, the array of CNTs may ideally be aligned vertically. However, in such a film, it is desired that the individual CNTs be evenly separated, so that their spacing is greater than their height to minimize the screening effect. Unfortunately, when the screening effect is minimized in this manner, the emission properties as well as the lifetimes of the cathodes are adversely affected due to a significant reduction in the density of CNTs. On the other hand, for a cathode with randomly oriented CNTs, the field emission current is produced by two types of source: (i) CNTs that point towards the current collector (anode) and (ii) oriented CNTs subjected to electromechanical forces causing reorientation. Therefore, a possible advantage of a cathode with randomly oriented CNTs is that a large number of CNTs always take part in the field emission over a longer time duration [7] . For this reason, a thin film with randomly oriented multi-walled carbon nanotubes (MWNTs) has been considered while formulating the mathematical model. From the modeling aspect, this becomes a general case, but is much more challenging compared to the case of a thin film with uniformly aligned CNTs. Although some preliminary works have been reported (see e.g., [14] [15] [16] ), a much more detailed characterization needs to be done, especially in situations where the array of CNTs may undergo complicated dynamics during the process of charge transport. Also, in order to account for the randomly oriented CNTs and interaction among them, it is necessary to consider the space charge and the electromechanical forces responsible for their realignment. Some of the related factors are also important from device design considerations.
In this paper, the process of evolution, reorientation (selfassembly of CNTs) and electrodynamic interaction among the CNTs in the film, and the influence of these processes on the device output current are analyzed, based on a multiphysics model developed recently by the authors (see [16] for details). Here, first a homogeneous nucleation rate model is employed by considering a representative volume element (cell) to idealize the degradation and fragmentation of CNTs, phenomenologically. The film volume is discretized by several such cells across the planer dimensions of the film. A cell contains a specified number of CNTs with prescribed parametric shape distribution and a certain amount of carbon clusters as the initial description of the state. At a given time, the evolved concentration of carbon clusters due to the process of degradation and CNT fragmentation is obtained from the homogeneous nucleation rate model. This information is then used in a time-incremental manner to describe the evolved state of the CNTs in the cells. Finally, the field emission induced current density at the anode (cell-wise) is calculated by using the CNT tip orientation angles and the effective electric field in the Fowler-Nordheim equation. The diode current is then computed by integrating the cell-wise current density over the anode area. In this paper, while carrying out numerical simulations based on the above scheme, we focus on visualizing various details, e.g., the reorientation of the CNTs in the ensemble. From a system perspective, such a detailed study proves to be helpful in understanding the reason behind the experimentally observed fluctuation in the device current. To this end, we show experimental results and a quantitative comparison with simulations, confirming the reorientation and degradation of the CNTs.
Model formulation

Background
The physics of field emission from metallic surfaces is fairly well understood. The current density (J ) due to field emission from a metallic surface is usually obtained by using the Fowler-Nordheim equation [17] , which can be expressed as
where E is the electric field, is the work function for the cathode material, and B and C are constants. In the CNT thin film problem, under the influence of sufficiently high voltage at ultra-high vacuum, the electrons emitted from the CNTs (mainly from the CNT tip region and emitted parallel to the axis of the tubes) reach the anode. Unlike metallic emitters, here, the surface of the cathode is not smooth. The cathode consists of CNTs (often in curved shapes) with certain spacings. In addition, a certain amount of impurities and carbon clusters may be present within the otherwise empty spaces in the film. Moreover, the CNTs undergo reorientation due to electromechanical interactions with the neighboring CNTs during field emission. This makes the determination of current density more difficult.
Mathematical model
We employ a homogeneous nucleation model to include the effect of degradation and CNT fragmentation, phenomenologically. This nucleation model is then coupled with a model of electromechanical interaction within the cell-wise ensemble of CNTs via the carbon cluster concentration. These two steps of our modeling approach are discussed in the following subsections.
Nucleation coupled model for degradation of CNTs.
Let N T be the total number of carbon atoms (in the CNTs and in the cluster form) in a representative volume element (V cell ) of the thin film, N be the number of CNTs in the cell, and N CNT be the total number of carbon atoms present in a CNT. Hence,
where N cluster is the total number of carbon atoms in the cluster form in a cell at time t, and it is given by
where n 1 is the concentration of carbon atoms in the cluster form in the cell. Therefore, by combining equations (2) and (3), one can obtain the number of CNTs in the cell as
In order to determine n 1 (t), we introduce a homogeneous nucleation model [18, 19] , which is to describe the evolution in n 1 (t). Here, we modify the original model (it was proposed in the context of an aerosol and a chemical growth process) by assuming the degradation as a reverse process of growth and model the phenomena of CNT degradation (the nucleation theory has been used for the growth of CNTs [20] and other nanoparticles [21, 22] also). Based on this modified model, the evolution equations are expressed as
where N kin is the kinetic normalization constant, J kin is the kinetic nucleation rate, S is the cluster saturation ratio, g * is the critical cluster size, A n is the total surface area of the cluster, v 1 is the monomer volume, M 1 is the moment of the cluster size distribution, d * p is the diameter of the particle of the critical cluster, and s 1 is the surface area of a monomer. In equations (5)- (8), the various other quantities involved are given by
where n s is the equilibrium saturation monomer concentration,
is the maximum diameter of the clusters, n(d p , t) is the particle size distribution function, is the dimensionless surface tension, k is Boltzmann's constant, T is the temperature, m 1 is the mass of monomer, β i j is the collision frequency function for collisions between i -mers and j -mers, and σ is the surface tension. The collision frequency function (β i j ) is given by
The dimensionless surface tension ( ) is expressed as [18]
where ρ p is the particle mass density. In this paper, we have considered i = 1 and j = 1 for numerical simulations; that is, only monomer type clusters are considered. Our main intention in this context is to find n 1 using equation (5). However, during the growth of clusters, the change in the particle size (distribution) with time is governed by the saturation ratio (ratio of atomic concentration to the concentration at saturation). Therefore, equation (6) is required. In growth related kinetics, the growth is measured by the moment of cluster size distribution [23] . M 1 in equations (7) and (8) tells us about the distribution of the cluster size over time. That is, at different locations in the cell, different sizes of cluster can form, and that also affects how the equilibrium occurs. During growth of the clusters, a critical size nucleus is a cluster of size such that its rate of growth is equal to its rate of decay. The quantity A n indicates the area of the stable carbon cluster.
To know the area of the cluster, A n is required. So, based on the established kinetic theory, we need to include all the four equations. For instance, in equation (8) for dA n /dt, the first term on the right-hand side of the equation describes an increase/decrease in the surface area due to a newly formed stable cluster and the second term means an increase in area of the existing stable cluster. Equations (5)- (8) form a set of four nonlinear coupled ordinary differential equations in n 1 (t), S(t), M 1 (t) and A n (t). This system of equations is solved with the help of a finite difference scheme. Finally, the average number of CNTs in a cell, and hence the average height distribution with a known number of CNTs in the ensemble, are obtained with the help of equation (4).
Effects of CNT geometry and orientation.
As discussed in section 1, the geometry and the orientation of CNTs play important roles in the field emission performance of the film and hence must be considered in the model. In section 2.2.1, a model of degradation and fragmentation of CNTs has been formulated. Following this model, if h is the decrease in the length of the CNT over a time interval t due to degradation and if d t is the diameter of the CNT, then the surface area of the CNT decreases by πd t h. By using the geometry of the CNT, the decreased surface area can be expressed as
where a 1 , a 2 , a 3 are lattice constants, and s = (a 1 + a 2 + a 3 ). The chiral vector for the CNT is expressed as
where n and m are integers (n |m| 0) and the pair (n, m) defines the chirality of the CNT. By using the fact that
, the circumference and the diameter of the CNT can be expressed as [24] , respectively,
By defining the rate of degradation of CNT as v burn = lim t→0 h/ t, and by dividing both sides of equation (15) by t, one has
By combining equations (17) and (18), v burn can be simplified as
(19) Next, we calculate the effective electric field at a given time step. The electric field at the deflected tip (see figure 2 ) is approximated as where x and y are the deflections of the tip with respect to its original location, 2R is the spacing between two adjacent CNTs at the cathode substrate, and E 0 = V /d with V as the applied DC voltage. As the CNTs degrade, their height also decreases with time. On the other hand, the distance between the tip and the anode increases with time due to reduction in the height of the CNTs. With the above assumption, the present height of the CNT can be written as h 0 − v burn t, and hence the present distance between the tip and the anode can be expressed as
Here, h 0 is the initial average height of the CNTs and d is the distance between the cathode substrate and the anode (see in figure 2 ). Equation (20) can now be rewritten as
Subsequently, the effective electric field, which is required for field emission calculation, can be expressed as
where θ(t) is the tip orientation angle that a CNT makes with the Z -axis, as shown in figure 2. The current density is calculated by substituting the value of E z in the FowlerNordheim equation. The above formulation takes into account the effect of CNT tip orientations, and one can perform a statistical analysis of the device current for randomly distributed and randomly oriented CNTs. However, due to the deformation of the CNTs under electromechanical forces, the evolution process requires a much more detailed treatment. In order to account for the changing orientations, we estimate the effects of electromechanical forces as discussed next.
Electromechanical forces.
For each CNT, the orientation angle θ is dependent on the electromechanical forces. Based on the studies reported in the literature, it is reasonable to expect that a major contribution is by the Lorentz force due to the flow of electron gas along the CNT and the ponderomotive force due to electrons in an oscillatory electric field. In addition, the electrostatic force and the van der Waals force are also important.
The components of the Lorentz force along the Z -and Xdirections (see figure 2) are approximated as
where e is the electronic charge (positive),n is the surface electron density and E 1z is the fluctuating electric field due to electron flow in the CNTs. We now decompose the surface electron density into a steady (unstrained) part and a fluctuating part; that is,n =n 0 +n 1 ,
where the steady partn 0 corresponds to the Fermi level energy in an unstrained CNT, and it can be approximated as [25] 
where b is the interatomic distance and is the overlap integral (≈2 eV for carbon). In equation (24), the fluctuating partn 1 is inhomogeneous along the length of the CNTs. Actually,n 1 should be coupled nonlinearly with the deformation and the electromagnetic field [26] . However, in a simplified form,n 1 is primarily governed by the quantum-hydrodynamic continuity equation:ṅ
with u z as the longitudinal displacement, and we employ this simplified equation to computen 1 at a given time step. In equation (23), the fluctuating electric field
is computed using a Green's function approach as discussed in [27] . The ponderomotive force, which acts on free charges on the surface of CNTs under oscillatory high field, tends to straighten the bent CNTs in the Z -direction. Furthermore, the ponderomotive forces induced by the applied electric field stretch every CNT [28] . In order to estimate the components of the ponderomotive force ( f p x , f p z ) acting on the tip region (see [29] ), the following approximations are used:
where q = (πd t en) ds is the total charge on an elemental segment ds of a CNT, m e is the mass of an electron, ω = 2π/τ , τ is the relaxation frequency, and f p z is the Z -component of the ponderomotive force. The X-component of the ponderomotive force f p x is assumed to be negligible. In order to calculate the electrostatic force, interactions among the neighboring CNTs are considered. Let us assume two small segments of two neighboring CNTs of lengths ds 1 and ds 2 , respectively. The charges on these two segments are given by, respectively,
where d (1) t and d (2) t are the diameters of two neighboring CNTs (1) and (2), respectively. The electrostatic force on the segment ds 1 by the segment ds 2 is given by (enπd (1) t ds 1 enπd
Therefore, the force per unit length on s 1 due to s 2 is
The differential of the force d f c acts along the line joining the centroids of the segments ds 1 and ds 2 . Therefore, the components of the force f c in the X-direction and the Zdirection are, respectively,
cos φ ds 2
sin φ ds 2
Here, φ is the angle that the force vector d f c makes with the Xaxis, j is the node number, and s 2 is the length of discretized segments (assumed uniform in the present study). The effective distance (r 12 ) between the centroids of the segments ds 1 and ds 2 is obtained as
where d 1 is the spacing between the CNTs while in contact with the surface of the cathode substrate, and l x 1 and l x 2 are the deflections of the segments of two neighboring CNTs (relative deflection considering the two end nodes of each of the segments), respectively, which are parallel to the X-axis. Similarly, l z 1 and l z 2 are the deflections of the two segments which are parallel to the Z -axis. Next, we consider the van der Waals effect. The van der Waals force plays important roles, not only in the interaction of the CNTs with the substrate, but also in the interaction between the walls of MWNTs and CNT bundles. Under bending type deformation, the cylindrical symmetry of the CNTs is no longer preserved, leading to axial-radial coupling [30] . For simplicity, let us restrict ourselves to a two-dimensional (2D) situation described with respect to the (X, Z ) coordinate system shown in figure 2 , and let us assume that the lateral and longitudinal displacements of a CNT are u x and u z , respectively. Due to their large aspect ratio, it is reasonable to idealize the CNTs as one-dimensional elastic members (as in an Euler-Bernoulli beam [31] ). Therefore, the kinematics can be expressed as
where the superscript (m) indicates the mth wall of the MWNT with r (m) as its radius and u z 0 as the displacement of the center of the cylindrical cross-section. Under tension, bending moment and shear force, the longitudinal displacement of the cross-section of one wall relative to the cross-section of its neighboring wall can be expressed with the help of equation (33) as
where we assume u
x as the lateral displacement due to pressure in the thin film device. The lateral shear stress τ (m) vs due to the van der Waals effect can be written as
where C vs is the van der Waals coefficient. Therefore, the effective shear force per unit length of CNT can be expressed as
The components of the van der Waals force parallel to the Zand the X-directions are, respectively,
Modeling the reorientation of CNTs.
The net force components acting on the CNTs parallel to the Z -and Xdirections can now be calculated as
Next, we employ these force components in the expression of work done on the ensemble of CNTs and formulate an energy conservation law (see, e.g., [31] ). Under the assumption of small strain and small curvature, the longitudinal strain ε zz (including thermal strain) and stress σ zz can be written as, respectively,
where E is the effective modulus of elasticity of CNTs under consideration, T (z ) = T (z ) − T 0 is the difference between the absolute temperature (T ) during field emission and a reference temperature (T 0 ), and α is the effective coefficient of thermal expansion (longitudinal). The longitudinal strain and stress from equation (40) are employed in the strain energy expression. Subsequently, the kinetic energy is expressed in terms of the velocitiesu x andu z . Next, by applying Hamilton's principle, we obtain the governing equations in (u x , u z ) for each CNT, which can be expressed as, respectively,
where A 0 is the effective cross-sectional area, A 2 is the second moment of cross-sectional area about the Z -axis and ρ is the mass per unit length of CNT. We assume a fixed boundary condition (u = 0) at the substrate-CNT interface (z = 0) and a forced boundary condition at the CNT tip (z = h(t)).
Effects of temperature.
In order to arrive at the governing equation in temperature T (z ), the process of heating of CNTs during field emission is idealized as follows. During field emission, an electron flowing from the cathode substrate towards the anode along the CNT surface acquires energy and escapes from the tip region towards the anode by crossing the Fermi energy. The energy lost in the replacement of the emitted electron is assumed to create an intense temperature gradient in the emitter [32] . By neglecting the radiation of heat, the resistive heating of CNTs, together with the usual laws of heat conduction, leads to the following differential equation:
where I is the time varying current, ρ c is the electrical resistivity, κ is the thermal conductivity, v 0 is the interior half angle of the CNT tip,ρ is the mass density, and C is the specific heat (see [32] for details). We assume the temperature boundary condition, that at
, andṪ = 0 for all time; that is, the temperature at the tip of a CNT has a constant value T c when that tip is oriented within a prescribed range [−θ c , +θ c ].
For tip orientations |θ | > θ c , the temperature is tracked over time steps ( t = t i − t i−1 ) based on the solution of the initial boundary value problem governed by equations (41)-(43). Each CNT is discretized into a number of segments with length s. As in the finite element method, each of these segments has two end nodes where the variables u x , u z and T are evaluated. At each time step, the governing equations (41)- (43) nodes j + 1 and j at the two ends of segment s j is expressed as
where is the usual coordinate transformation matrix which maps the displacements (u x , u z ) defined in the local (X , Z ) coordinate system into the displacements (u x , u z ) defined in the cell coordinate system (X, Z ). For this transformation, we employ the angle θ(t − t) obtained at the previous time step and for each node j = 1, 2, 3, . . ..
Results and discussions
The computational scheme involves three parts: (i) discretization of the nucleation coupled model for degradation of CNTs, (ii) incremental update of the CNT geometry using the electromechanical forces, and (iii) calculation of the field emission current. At t = 0, the CNTs are assumed to be oriented randomly. This random distribution is parameterized in terms of the upper bound of the CNT tip deflection which is given by x max = h/m ; m 1 is an integer. The angles are used to calculate the component of electromechanical forces. In the successive time step t ← t + t, the deformed state of the CNTs is computed and the tip angle of each CNT is updated.
The CNT film considered for a representative numerical simulation here consists of randomly oriented MWNTs. The film has a surface area (projected on the anode) of 49.93 mm 2 and average thickness of 10-14 μm. Actual experiments were performed on various films of both types, random as well as aligned CNTs. The films were placed in a pressure-control chamber fitted with a micrometer to control the electrode gap, and by connecting the diode to a resistive-capacitive circuit. Current histories were measured under a constant DC voltage for a controlled gap. In the simulation and analysis reported next, we have chosen the range of DC voltage and parameters related to the CNT distribution in the film as in the actual experimental set-up.
Degradation of CNT thin films
We have assumed that at t = 0, the diode contains a minimal amount of carbon clusters. The CNTs degrade over time (due to both fragmentation and self-assembly) and the carbon cluster concentration in each cell also changes (mostly increases) accordingly. Based on this assumption, the initial conditions were set as n 1 (0) = 100, S(0) = 5000, M 1 (0) = 2.12 × 10 −16 , A n (0) = 0, and T = T 0 = 303 K. Figure 3 shows the n 1 (t) history over a small time interval of 160 s. Such evolution indicates that the carbon cluster concentration increases exponentially at the beginning and tends to a steady state afterwards at ≈93 s, indicating a saturation. Therefore, figure 3 indicates the time that the degradation process takes to reach saturation (S(0) = 5000) in the present analysis. Assuming that saturation has taken place within the computational cell, and assuming that this is the case for all the cells encompassing the entire volume between the cathode substrate and the anode, one can estimate N cluster = 5000 × (0.049 93) 2 × 14 × 10 −6 . Here, the film area is 49.93 mm 2 (as stated earlier) and the cathode to anode gap is assumed to be 14 μm (a less conservative estimate since the free space above the CNT film is excluded). From figure 4 , we obtain the effective area projected on the anode for the degradation process to be approximately 10 × 10 −4 times the total film area. Multiplying this factor to the number of clusters above, we estimate N cluster ≈ 3.495 × 10 −10 . The clusters assumed to be formed in this way are partly deposited on the cathode and partly pulled up ballistically and deposited on the anode. Results are discussed next.
Our experiments have revealed that degradation of CNTs into clusters is indeed one of the important processes that takes place during field emission. Interestingly, dark spots on the originally polished surface of the anode were found after 10 h of field emission from a vertically aligned CNTs. The spots were visible by the naked eye. Figure 5 shows an optical image of these spots. The spot diameters are found to be in the range 0.4-0.7 mm. The thin film substrate is made of CuCr alloy. In order to find out if there is any degradation of CNTs with any trace of exposed metal substrate and any trace of carbon clusters on the anode, we perform energy-dispersive x-ray spectroscopy (EDS) on the film and on the anode surface.
The EDS results in figure 6 shown for one of the sample substrate after 10 h of field emission indicates that the carbon clusters and the CNTs at various places were pulled up and the substrate was exposed. Along with Ni impurities, which are present due to catalytic processing of the CNTs, the spectral peaks of Cr can be clearly seen in figure 6 . On the other hand, traces of carbon cluster are observed on the anode surface (as shown in figure 5 ). EDS results reveal that the anode surface contains carbon, as indicated by the spectral peaks in figure 7 . We quantify the possible nature of degradation process as follows. With the area of the anode exposed to x-rays corresponding to an ≈100 μm effective diameter spot (assumed to be smaller than the actual diameter observed, which is diffused) containing 45.04 at.% amorphous carbon (see table 1), we get N cluster ≈ 3.353 × 10 −9 . Comparing this estimate with the previously simulated value of 3.495 × 10 −10 from the degradation model, it is reasonable to assume that the reorientation of the CNT tips actually activates or deactivates the degradation process differently in different cells and at different times. As a result, one may observe a much slower degradation in the ensemble. However, at present, it is not possible to observe the occurrence of the spots on the anode in a time-resolved manner.
The results analyzed above establish the fact that the degradation of CNTs is an important process. The influence of such degradation, along with the electromechanical forces, is expected to play a significant role on the device current. Next, we report the experimental results of field emission current fluctuation and analyze such behavior based on the proposed model and by comparing the simulations with the experimental data.
Device current
Here, we analyze the field emission current histories for V = 600 V. The constants B and C in equation (1) were taken as B = (1.4 × 10 −6 ) × exp((9.8929) × −1/2 ) and C = 6.5 × 10 7 , respectively [33] . It has been reported in the literature (see, e.g., [33] ) that the work function for CNTs is smaller than the work functions for metal, silicon and graphite. However, depending on the types of CNTs (i.e., SWNT/MWNT), there are significant variations in the experimentally estimated values of , geometric parameters and also the type of substrate materials having significant influence on the electronic band-edge potential.
Here, simulations have been carried out based on = 2.2 eV.
The following two cases are considered for numerical simulations: (i) average height between neighboring CNTs in the film sample h 0 = 12 μm, uniform radius r = 2.75 nm and uniform spacing d 1 = 2 μm, and (ii) a random initial height distribution: h = (h 0 ± 2 μm) ∓ 2 μm × rand(1), uniform radius and uniform spacing. Here the function rand denotes random number generator. The electrode gap (d) is maintained at 34.7 μm. Several computational runs are performed and the output data are averaged out at each sampling time step. The current histories for cases (i) and (ii) are shown in figures 8, and 9, respectively. The four curves in figures 8 and 9 correspond to four different initial states with increasing values: x max = h 0 /100, h 0 /50, h 0 /25, and h 0 /20. Interestingly, both these figures tell us the following: (1) as the initial state of deflections/angle increases (from h 0 /100 to h/50 and higher), the average current reduces, until h 0 /m becomes large enough that during field emission, the electrodynamic interaction among CNTs produces a sudden pull in the deflected tips towards the anode (see the CNT tip marked as 'A' in figure 10 and deflected horizontally ≈2 μm) resulting in transients (sometimes current >mA, as can be seen from the h 0 /20 curve); (2) the trends in the current fluctuation for higher h 0 /m in figure 8 compared to figure 9 prove that the nonuniform distribution of height (h) gives better stabilized current for large random orientations. Also, in this case of nonuniform height distribution in figure 9 , as one goes from h 0 /25 to h 0 /20 curves, the trend in the average current level is more uniform than in the uniform height case (see the h 0 /20 curve in figure 8 , which rises >100 mA at the very beginning, which is undesired in x-ray device applications). On the other hand, the above results also support the earlier reported experimental observation that a thin film with randomly oriented CNTs produces larger current density compared to a thin film with uniformly aligned CNTs. The above results also justify several experimental observations, which have been reported in the literature from a comparative perspective of using a single CNT and then different types of CNT in thin films and the effect of their alignments [4, 8, [34] [35] [36] . For example, Collins and Zettl [34] attribute the change in currents to interactions between neighboring CNTs. In the field emission experiments, we have exposed several experimental samples having randomly oriented as well as vertically aligned CNTs. Figure 11 shows the SEM image of one such sample having vertically aligned CNTs. In figure 12 , the SEM image of the sample after a short period of exposure is shown. Figure 13 shows the SEM of the same sample as in figure 11 but after 10 h of field emission at 600 V. As seen in the simulated responses in figures 8 and 9, the spikes in the current are significant. This experimental results confirm a strong electromechanical interaction among the CNTs along with certain amount of degradations. The results shown in figure 14 are for an electrode gap of 150 μm. Occasional shortings of the electrical circuit were observed for smaller gaps between the electrodes. Such a short circuit condition is the result of pull up of one or more CNTs under the increased electrodynamic force.
Most interesting is figure 13 compared to figures 12 and 11. While figure 12 depicts small reorientations and electromechanical force induced stretching of CNTs for a short-term exposure, figure 13 clearly shows a combined effect of reorientations and degradation of a few CNTs (pulling up and exposing the substrate, as discussed earlier) after 10 h of field emission. With these experimental results, the proposed modeling framework and the simulated results regarding CNT tip deflections in figure 10 proves to be an important insight towards understanding the nature of the field emission response. The results in figure 10 are also in agreement with a previously reported study [37] . Based on the simulations performed, the stress on the CNTs under a voltage of 700 V was estimated using equation (40). The maximum stress was found to be less than 20 GPa, which is generally much below the stress at fracture (65-93 GPa) [38] .
Concluding remarks
In this paper, we have developed a modeling approach to analyze the evolution of CNT thin films and the effect of such evolution on the device current. A computational scheme has been implemented, which combines a homogeneous nucleation model of degradation and CNT fragmentation with successive electromechanical forcing. Numerical simulations based on this model and the computational scheme are able to capture the transients in the field emission current as observed in the actual experiments. Our analysis shows how the electromechanical interaction among the CNTs influences the orientation of individual CNTs in an ensemble, and consequently, how the distribution of CNTs and geometrical factors affect the device current. With this new finding reported in this paper, there are two important aspects which require further attention: one is the physics of the CNT fragmentation process under high field to explain the long time response of the device, and the other is the process of electron gas flow and ballistic transport under realistic geometric conditions.
